Abstract: Phase separation occurs in thin films of polymer blends when molecular mobility is promoted by a temperature above the glass transition but inside the twophase region (temperature quench), or a common solvent added to the polymers (solvent quench). This phenomenon can be altered by a homogeneous surface or pre-patterned substrate, resulting, e.g., in self-stratification or pattern replication, respectively. Such self-organisation processes ordering polymer phases were observed for model polymer blends (deuterated/hydrogenated polystyrene, dPS/hPS, and deuterated/partially brominated PS, dPS/PBrS, both with hPSpolyisoprene diblocks added; dPS/poly(vinylpyridine) and PBrS/PVP) with highresolution ion beam techniques (Nuclear Reaction Analysis, profiling and mapping mode of dynamic Secondary Ion Mass Spectrometry) and Atomic Force Microscopy. The self-stratification process is strongly affected by both the range as well as the strength of the surface/polymer interactions. This is illustrated for the temperature-quenched blends with surface-active copolymer additives tuning the interactions exerted by both external surfaces. The pattern transfer from the substrate to the films is demonstrated for the solvent-quenched blends. Patterndirected composition variations (SIMS maps) coincide with free surface undulations (AFM images). The most effective pattern replication is achieved for the length scale of phase domain morphology comparable with the pattern periodicity and for carefully adjusted polymer/substrate interactions.
Introduction
In recent years there has been an increasing interest in understanding interfacial phenomena, such as micro-and macro-phase separation, occurring in thin (submicron) polymer films (for a review, see refs. [1] [2] [3] [4] ). In particular, the influence of boundary surfaces on the phase domain morphology has been intensively studied. For bulk copolymer melts the amphiphilic character of block copolymers, where two or more unlike subchains are covalently linked, leads to the spontaneous creation of ordered domains of well-defined size and uniform spacing, each on the order of tens of nanometers [5] . For thin films this micro-phase separation process is altered by the presence of a homogeneous surface which controls the orientation of the domain morphology [1] [2] [3] 6] . The domains can be also arranged into patterns reflecting lateral chemical [7] or topographic [8] modifications of the substrate.
For bulk homopolymer blends macro-phase separation leads to the formation of an isotropic, disordered phase morphology with a characteristic length scale increasing in the course of the process with no specific equilibrium value [5] . External surfaces, relevant for thin film geometry, can however direct the separation process to create ordered phase domain structures [1, 3, 4] . For homogeneous surfaces this selforganisation can result in a multilayer or column-like phase domain morphology [3, 4, 9] with the interfaces between blend phases oriented (in general) parallel or perpendicular to the substrate, respectively (Fig. 1a) . Self-stratification of thin films with initial compositional homogeneity, leading to a multilayer ordering, is the first [4, [10] [11] [12] [13] of two main problems considered in the present paper. Phase separation in polymer mixtures is also altered by the presence of a pre-structured substrate with lateral pattern of surface energy [7, [14] [15] [16] [17] [18] [19] [20] [21] (Fig. 1b) . Pattern replication, i.e. the alignment of phase domains with respect to the patterned substrate (accompanied by free surface undulations), is the second main issue [19] discussed here. Selfassembly of polymer blends, cast as thin films on both homogeneous as well as patterned substrates, is a consequence of surface-directed phase separation [1, 3, 4, [9] [10] [11] [12] [13] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] , discovered [23, 27] only 10 years ago and described shortly below. Molecular mobility in the phase-separating films is promoted by the temperature elevated above glass transition (temperature quench applied for partly miscible or immiscible mixtures) or a common solvent added to the polymer blend (solvent quench encountered commonly for immiscible blends). Fig. 1 . Self-organisation of thin polymer blend films. A homogeneous substrate (a) can induce multilayer (self-stratification) or column-like-morphology of phase domains (φ 1 and φ 2 ). A patterned substrate (b) can lead to the alignment of both -phase domains and free surface undulations (pattern replication) Studies on self-organisation in thin films composed of polymer blends are motivated by numerous technological applications. In addition to attractive aspects of selfassembly, specific phase domain morphologies obtained result in increased efficiency of various devices. For instance, multilayer morphology is used in gasseparating membranes [33] and polymeric photodiodes [34] . Column-like morphology is present in light emitting polymeric diodes with a variable colour [35] or in anti- reflection coatings [36] . Patterned substrate is used in all-polymer field transistors to keep apart the phase regions of source and drain [37] .
The rest of this work is organised as follows. First, we describe the essential details of the experiments illustrating two main sections. Then, the concept of surfacedirected phase separation will be briefly sketched followed by the main sections on self-stratification and pattern replication, where we mainly (but not exclusively) focus on the role of the strength of ordering surface/polymer interactions.
Experimental part

2a. Polymers
Self-stratification (s.-s.) was studied for two blends composed of: i) protonated hPS 1 and deuterated dPS 1 polystyrene; ii) deuterated dPS 2 and partially brominated PBrS 1 polystyrene. A small volume fraction (φ PIPS ≤ 0.16) of symmetric polyisoprenepolystyrene PI-hPS diblock copolymer was added to both blends with the binary composition of both homopolymers kept equal to the critical value. To provide contrast necessary for our experimental techniques, some of these ternary system constituents (dPS 2 and PI-hPS) were replaced by their isotopic counterparts (hPS 2 and symmetric PI-dPS). Pattern replication (p.r.) was studied for two nearly critical blends composed of: i) poly(vinylpyridine) PVP and poly(bromostyrene) PBrS 2 ; ii) PVP and deuterated polystyrene dPS 3 . Molecular characteristics of these polymers are given in Tab. 
2b. Films cast on homogeneous and patterned substrates
The polymer blend components were dissolved in a common solvent (toluene for s.-s.; tetrahydrofurane for p.r.). Then a drop of the solution was placed on a substrate, and the films were prepared through a rapid rotation of the substrate (spin casting) [38, 39] . The combination of carefully adjusted total polymer concentration and spin speed resulted in films with average thickness of 400 -500 (s.-s.) and 50 -80 nm (p.r. [19, 40, 41] .
The patterned substrates used were composed of alternating (with the periodicity λ = 4 µm) 2 µm wide stripes of i) Au and CH 3 -SAM; ii) CH 3 -SAM and COOH-SAM. Microcontact printing procedure [42] was used to create CH 3 -SAM stripes on the Au surface (Fig. 2) . This procedure supplemented by additional immersion in ethanol solution of HS(CH 2 ) 15 COOH produced the second pattern [16] [17] [18] [19] . 
2c. Experimental techniques revealing blend film morphology
The information on the phase domain structure was obtained with three different techniques ( Fig. 3) : Nuclear Reaction Analysis (NRA) [43, 44] , profiling [45] [46] [47] and mapping [13] mode of dynamic Secondary Ion Mass Spectroscopy (SIMS), and with Atomic Force Microscopy (AFM) combined with selective dissolution [15] . The free surface undulations were determined with AFM [48] .
The phase domain structure in the direction (z) perpendicular to the blend surface was traced with two high-resolution (i.e. with a precision better than 10 nm) depth profiling techniques (yielding composition φ vs. depth z profiles φ(z) across thin films). In NRA (Fig. 3a) [43, 44] energetic (E ≈ 1 MeV) 3 He ions penetrate easily the film until they encounter 2 H atoms labelling one of the blend components. The energetic spectrum of the nuclear reaction (non-resonant, 3 He( 2 H, 1 H) 4 He) products ( 4 He or 1 H) provides the information on the profile φ(z) of the deuterated polymer. In profiling mode of dynamic SIMS (Fig. 3b) [45] [46] [47] The 3D and lateral phase domain structure was revealed by the mapping mode of dynamic SIMS (Fig. 3b ) [13] and by AFM combined with selective dissolution (Fig.  3c ) [15] . In the former method, the focused ion beam is scanned over a microscopic square area. The secondary ions created at different points of this area provide a compositional map. Due to sputtering, such compositional maps can be collected for successive depths z. This novel technique, just introduced [13] , has a depth resolution of 20 nm and a lateral (Raleigh) resolution better than 120 nm.
Surface-directed phase separation
3a. Temperature quench
Typically, phase separation takes place when a polymer mixture is quenched in temperature from the one-phase region of the phase diagram into a point inside the coexistence curve (binodal). Here we focus on spontaneous phase separation (spinodal decomposition), corresponding to the mixture quenched inside the spinodal of the two-phase region (Fig. 4a ) [3] [4] [5] . Thermally induced composition fluctuations may be presented as composition waves with growing amplitude and wavelength (Fig. 4b) . These composition waves have random directions and phases in the bulk of the mixture (Fig. 4c) . The surface perturbs this phenomenon: it breaks the symmetry of the system and preferentially attracts one of the blend components. As a result, composition waves with a fixed phase develop normally to the surface (Fig.  4d ). In the late stage of this process the domains of coexisting phases are formed, and the growth of phase domain morphology is characterised by a single timedependent length scale R (Fig. 4e) . Morphology coarsening is driven in all its (diffusive, hydrodynamic: viscous and inertial) regimes [49] ) by interfacial tension between coexisting phases γ = γ 12 . This coarsening is ordered by surface/polymer interactions, specified by the difference ∆γ = γ 1 −γ 2 of surface tension between coexisting phases. 1a ) are expected for flat surfaces with antisymmetric and symmetric surface fields, respectively [3] . The columns extend across the film up to both symmetric surfaces partially wetted by blend phases [9] , or they are terminated at both surfaces by wetting layers of the same phase [13] . This picture is more complex for very thin films composed of blends with high interfacial tension, where the laterally separated phase domains are accompanied by coupled undulations of the free surface [52] as observed very recently [50, 53] .
3b. Solvent quench
The study of phase separation in temperature quenched binary mixtures might be problematic for polymers with large difference in glass transition temperature T g , since the lower T g polymer can degrade for annealing temperatures much higher than T g of the other blend component [54, 55] . One way to perform phase separation studies is to use a ternary system: two polymers dissolved in a common solvent. Such solution is dilute and therefore homogeneous. Phase separation of polymer components can be initiated when the solvent is removed from the solution (Fig. 5a ). Such solvent quench [39, [54] [55] [56] [57] [58] [59] [60] accompanies the spin-casting process ( Fig. 5b-f ) [38] . There are three consecutive phases of spin coating. First, most (≈90%) of the polymer solution is flung from the rotating substrate leaving a thin uniform film ( Fig.  5b-c) . Second, the film thickness is decreased due to fluid flow, which is a balance between centrifugal and viscous forces ( Fig. 5c-d ). It is during this stage that phase separation occurs for immiscible blends. Third, the viscosity of the film becomes so large that the fluid is frozen in place, and further solvent loss is due to solvent evaporation from the film surface ( Fig. 5e-f ). Some residual solvent present in the film after completion of the spin-casting procedure can be removed by baking.
Laterally separated phase domains present in solvent-quenched thin films (and corresponding to column-like morphologies in temperature-quenched samples with flat surfaces) are always accompanied by free surface undulations [39, [54] [55] [56] [57] [58] [59] [60] [61] [62] . Different theories, referring to various solvent effects, try to account for this phenomenon [59, [61] [62] . The most versatile theory relates the surface undulations with a different evaporation rate of the solvent from various blend phases [59] [60] . This is a consequence of different solubility of various polymers in their common solvent. The solvent evaporates faster from the phase rich in less soluble polymer, which solidifies earlier. In turn, the phase rich in more soluble polymer is swollen. As the solvent evaporates finally also from this phase, it collapses and forms lower regions of the free surface. This mechanism is claimed to take place during the third stage of spin coating ( Fig. 5d-f ) [59] . 
Self-stratification (s.-s.)
Even for symmetric [13, 50] (or weakly asymmetric [63] ) interactions exerted by both external surfaces on polymer blend films, a transient self-stratification is realised for early and intermediate stages of surface-directed phase separation. However, a full self-stratification pathway leading to equilibrium bilayer morphology is possible only for antisymmetric surface-fields [3] . In both cases self-stratification can occur for blend films thicker that the wavelength of composition waves [64] .
4a. Surface/polymers interactions tuned by surface-active diblock copolymers
While the late stage of phase separation is driven by the interfacial tension γ, the surface-induced ordering of coexisting phases is caused by surface/polymer interactions, specified by the surface tension difference ∆γ between coexisting phases. For homogeneous substrates simple strategies have been frequently used to alter the phase separation process by coarse modification of γ (e.g. by exchanging polymers [51, 56] ) or ∆γ (e.g. by changing the chemical nature of the substrate [9, 11] Approaches using mixed SAMs [67] or end-grafted random copolymer brushes [68] , both with variable composition, were used to tune the effective interactions between polymers and the substrate. A controlled variation of both effective surface fields was achieved by adding surface-active copolymers to the mixtures [10, 12, 69] . The co-polymers segregate predominantly to both surfaces of the blend film and reduce the fraction of the surface area exerting ordering interactions. Here we will discuss briefly this versatile approach to control the self-stratification process [10, 12] .
In our studies [10, 12] polyisoprene-polystyrene PI-PS (PI-hPS and PI-dPS) diblock copolymers were used, added to two different critical mixtures: hPS 1 /dPS 1 and dPS 2 /PBrS 1 (hPS 2 /PBrS 1 ). Isotopic polymer counterparts were used to provide the contrast necessary for the depth profiling techniques. Isotopic exchange (PI-hPS for PI-dPS and dPS 2 for hPS 2 ) does not introduce any discernible thermodynamic modifications [70] [71] [72] for the systems studied in this work as the changes of relevant parameters are too small [10, 12] . The surface activity of diblock copolymers is illustrated in Fig. 6a for (3% of) PI-dPS additives in the annealed (for 300 min) mixture hPS 2 /PBrS 1 . Independently of the four-layer phase domain structure (indicated by the PBrS 1 profile) a surface excess Γ of PI-PS copolymers at both external surfaces (peaks of PI-dPS profile at z = 0 and 400 nm) is observed. The PI-PS segregation is driven by two factors: i) the reduction in the surface tension caused by the PI moieties replacing host segments at the surface; ii) the enthalpic penalty paid by PI segments positioned in the bulk (and not at the surface) of the host. These factors are jointly expressed by the adsorption parameter β [4, 73, 74] . Forces driving the surface segregation of the major components of both blends are at least one order of magnitude weaker [10, 12] and therefore preferential adsorption of PI-dPS copolymers from both mixtures is always observed. In fact, in contrast to homopolymers, the PI-dPS diblocks segregate to both surfaces already during the spincasting process [12, 73, 74] . The excess of PI-PS at the free surface of two matrix types plotted as a function of bulk copolymer concentration φ PI-PS (closed squares for PI-dPS in hPS 1 [74] , an open square for PI-hPS in dPS 1 [10] ; closed circles for PI-dPS in hPS 2 /PBrS 1 mixture [12] ). The isotherms for hPS 1 /dPS 1 and hPS 2 /PBrS 1 are fitted with β = 3.7(1) · k B T and β = 4.5(1) · k B T, respectively. Surface excess *Γ and concentration *φ values (dotted lines) correspond to the onset of a continuous layer formed at the surface by overlapping segregated copolymers (c-d)
The excess Γ of PI-PS copolymers is characterised by segregation isotherms (Fig.  6b ) determined for the free surfaces of various matrices corresponding to both blends (dashed curve for hPS 1 /dPS 1 and solid curve for hPS 2 /PBrS 1 , respectively). Strongly segregating diblocks may overlap forming, for concentrations φ PI-PS higher than the onset value *φ (equal to 0.025 and 0.011 for hPS 1 /dPS 1 and hPS 2 /PBrS 1 , respectively), a continuous layer covering both surfaces of blend films (Fig. 6c-d) . This occurs for surface excess values Γ > *Γ, that is when each diblock copolymer occupies an area smaller than that described by the block radius of gyration [10, 12] . The onset volume fraction *φ separates two regimes of separated copolymer islands (φ PI-PS < *φ) and a continuous diblock copolymer layer (φ PI-PS > *φ), both reflected in experimentally detected characteristics such as segregation properties [4, 73, 74] or free surface morphology (prior to annealing) [11] . The concentrations of PI-PS copolymer additives were too low for the critical micelle concentration transition to occur [4, [73] [74] [75] .
4b. Ordering induced by short-range surface forces
Surface-directed spinodal waves, observed for the hPS 1 /dPS 1 blend with PI-PS additives annealed at 190 o C (shallow quench with reduced temperature [3] ε = 0.5), originate mainly at the free surface while the field exerted by the SiO x substrate was concluded to be very weak [10] . Initially (up to 20 days) the thickness R' of the layer adjacent to the free surface (determined for φ PI-PS = 0.005) grows following the power law R' ~ t 1/3 (characteristic of the diffusive coarsening regime [3, 49] ). At later times R'(t) seems to level off at a plateau value corresponding to the effective range of the region where surface-driven phase separation dominates over its isotropic bulkcounterpart.
The role of modified surface/polymer interactions in the self-stratification process was investigated [10] for samples annealed long enough to correspond to the situation with saturated R'(t). Typical results of these experiments are shown in Fig. 7 . Annealed samples were covered here with additional reference hPS 1 layers prior to the measurements. Strong oscillations, propagating throughout the thin film, are visible in dPS 1 and hPS 1 profiles obtained for a pure isotopic mixture (Fig. 7a) . They are much damped for φ PI-PS = 0.019 (Fig. 7b) and completely exhausted at φ PI-PS = 0.055 (Fig. 7c) , i.e. for a diblock concentration φ PI-PS higher than the onset value *φ. To present this behaviour more quantitatively, we have plotted as a function of φ PI-PS (Fig. 8a ) the relative amplitude (φ M -φ m )/<φ dPS1 > of the surface maximum φ M , measured with respect to the mid-layer minimum φ m in the oscillating dPS 1 profile (see Fig. 7b ). This would measure the strength of surface-directed spinodal waves. We read from the graph in Fig. 8a that this strength decreases monotonically with increasing φ PI-PS and zeroes exactly at the onset value *φ of diblock concentration. All annealing experiments were performed for the unstable region of the ternary phase diagram [10] . Thus, spinodal decomposition is advocated for all the samples (e.g. Fig. 7f ) and only its surface-directed mode (Fig. 7d) , leading to self-stratification, is reduced to zero for φ PI-PS > *φ. We conclude also that the effective surface/polymer interactions, leading to anisotropic composition waves, must be of short-range character. 
R R R R R R R R R R R R R R R R R R RR R R R R R R R R R R R R R R RR R R R R R R R d e p t h z [ n m ]
R R RR R R RR R R R R R R R R R R R R R R R R R RR R R R R R R R R R R RR R R RR R R RR R R R R R RR R R R R R R R R R R R R R R R R R R R R R R R R R R RR R R R R R R R R R RR R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R RR R R R R R R RR R R R 0
a)
4c. Ordering induced by long-range surface forces
Phase separation, observed for the dPS 2 /PBrS 1 blend with PI-PS additives annealed at 150 o C (deep quench with ε = 5.2), is directed by two surfaces with competing fields: dPS 2 and PBrS 1 are attracted to the free surface and the Au substrate, respectively (Fig. 9a) . Hence, a bilayer morphology is expected for equilibrium. The self-stratification process leading to this morphology was observed [12] to consist of two stages. First, growth of two surface lamellae leads to the formation of a four-layer phase structure (each lamella is followed by a subsurface layer depleted in the phase enriched at the surface, see Fig. 9a ). Second, the four-layer phase domain structure is transformed into the final bilayer morphology (Fig. 10) .
It was observed for the first stage that the amplitude of the coarsening surfacedirected composition waves is reduced for higher PI-PS concentrations φ PI-PS . This is illustrated in Fig. 9a-d for blend films annealed long enough (360 min and 300 min for Fig. 9a and b, respectively) to form a four-layer structure. Such behaviour was observed also for earlier times. In fact, for each PI-PS content the amplitude of spinodal waves (extending from the free surface) was found to be constant after 70 min of annealing. These constant values, expressed in terms of dPS 2 surface composition φ s (the sum of the amplitude and average dPS 2 composition in the film <φ dPS2 > ≈ 0.5), are plotted in Fig. 8b as a function of φ PI-PS . As previously (cf. Fig. 8a ) the measure φ s of the compositional oscillations is reduced for increased φ PI-PS values. However, in contrast to the previous case, it does not vanish for diblock concentrations much higher than the onset value *φ. We conclude that the effective surface/polymer interactions must be of long-range character. 
dPS region). See text for details
While the amplitude of the first stage of self-stratification was reduced for increased PI-PS concentration, the kinetics of this process (measured by the rate of the surface lamella growth, see Fig. 9e ) was unchanged. In addition, this temporal evolution is nearly linear R' ~ t indicating a hydrodynamic flow mechanism of phase domain coarsening [3, 49] . In this domain-coarsening regime, the phase wetting the surface flows from the bulk region of the film through continuous pathways in the subsurface depletion layer. Such mass flow channels were in fact observed with AFM combined with selective dissolution of the phase rich in dPS 2 . For instance, darker regions in Fig. 9f correspond to dPS 2 mass flow channels present in the blend film (with φ PI-PS = 0.015 annealed for 300 min).
Diblock copolymers heavily modify the kinetics of the second stage of phase evolution when the four-layer structure is transformed into the equilibrium bilayer morphology. This is demonstrated in Fig. 10 , where dPS 2 depth profiles of the left and right column correspond to φ PI-PS = 0.005 and 0.029, respectively. We notice at once that the transformation process is for higher diblock content (i.e. for weaker effective 
f)
surface fields) completed earlier! This apparently surprising result is easily explained (see also schematic cartoons in Fig. 10 ) when the hydrodynamic flow mechanism is taken into account [12] . Blends with low φ PI-PS value are exposed to a strong surface field. As a result, surface-directed compositional waves with large amplitudes are created which coarsen forming a four-layer structure with well-defined almost continuous lamellae (channels supplying the material to the surface layers are allowed). Extensive rupturing of the two interior lamellae (Fig. 10a-b) out of four layers is necessary to develop perforations acting as channels for the mass flow leading to the final bilayer morphology. For blends with higher φ PI-PS concentrations, weaker effective surface fields result in surface layers with more fragmented phase domains and reduced amplitudes of the surface-directed composition waves. The created phase plates of the four-layer structure are already very much fragmented (Fig. 10e) and no additional rupturing process is necessary to allow the hydrodynamic flow to both surfaces confining the films. Hence the transformation process is expected to be faster. Fig. 10 . Second stage of the self-stratification process in dPS 2 /PBrS 1 blends with varied content φ PI-PS of PI-PS copolymers added: Transformation of the four-layer structure into the final bilayer morphology is completed earlier (e-g) for higher diblock content, i.e. for weaker effective surface fields
Pattern replication (p.r.)
The transfer of the pattern from the substrate (with alternating stripes of equal width w and different surface energy, e.g., ∆γ and -∆γ) to the phase-domain structure of a thin polymer blend film (Fig. 11) depends on a wide variety of parameters [7, [14] [15] [16] [17] [18] [19] [20] [21] [22] . The parameters important for self-stratification, such as interfacial tension γ and surface tension difference ∆γ between coexisting phases, are relevant also here. The pattern replication process is controlled mainly (in addition to film thickness d) by the ratio R/w of substrate pattern periodicity λ P = 2w and characteristic length scale 2R of the coarsening phase domain morphology [15, [17] [18] [19] [20] [21] . The final morphology depends on the results of the competition between surface and interfacial energy [20] [21] . Generally, a phase domain structure matching the substrate motif (Fig. 11c , evidenced by refs. [15, 16, 19] ) is expected only for ∆γ w >> d γ, i.e. when substrate/polymer interactions dominate over the interfacial tension term (a free surface is usually assumed to be neutral). In the other limit, ∆γ w << d γ, there is no pattern transfer into the blend film and only local alignment close to the substrate with very strong surface fields is eventually observed [7] . Fig. 11 . Pattern replication for polymer blend films with dominant substrate/polymer interactions (∆γw >> dγ) [21] . 'Checkerboard' morphology (b), equivalent to composition waves ordered by a homogeneous surface (cf. Fig. 4d ), is absent for films thinner that the wavelength of composition oscillations [16] A few numerical studies of pattern replication have been focused on phase domain evolution in polymer blend films confined by neutral -and patterned -flat surfaces [16, 20, 21] (Fig. 11) . They have shown that two surface-directed phase separation processes are responsible for the pattern replication [16, 20, 21] : First, surfacedirected composition waves (out-of-plane phase separation) are ordered by and originated at different substrate regions (a mode visible in Fig. 11b ). Second, patterndirected lateral (in-plane) bulk-like phase separation is driven by the reduction of interfacial and surface energy (e.g. relevant for Fig. 11c ).
5a. Substrate patterns echoed by domain morphology and surface undulations
The alignment of blend phases with respect to the patterned substrate has been observed for several mixtures with molecular mobility promoted by elevated temperature [14, [16] [17] [18] or by a common solvent added to the polymer blend [7, 14, 15, 19] . Here, pattern replication is illustrated by the results obtained for two solvent-quenched film blends: PVP/PBrS 2 ( Fig. 12 ) and PVP/dPS 3 ( Fig. 13) .
To understand the pattern replication process it is instructive to consider first the phase domain morphology of blend films cast on two homogeneous substrates identical with the stripes of surface energy modulations. For the PVP/PBrS 2 blend cast on Au surface (Fig. 12a-c ) the bilayer morphology is deduced (from AFM and SIMS data) with PBrS 2 -and PVP-rich lamellae adjacent to smooth free and substrate surfaces, respectively. Phase evolution is however not completed here as indicated by the PVP/PBrS 2 interface much wider than expected for the thermodynamic
equilibrium [19] . A drastically changed morphology is observed for the same blend coating the CH 3 -SAM substrate (Fig. 12d-f ). Corrugated free surface topography (with vertical distance amplitude of ≈26 nm in Fig. 12d ) and an effective thickness ∆z different for both phases (determined from SIMS profiles in Fig. 12e with ∆z(PVP) ≈ 75 nm and ∆z(PBrS 2 ) ≈ 53 nm) suggest the formation of laterally disordered phase domains, which are higher and more narrow for PVP than for PBrS 2 . These results indicate that the more polar PVP is favoured by the Au surface, while no preferential attraction takes place for the CH 3 -SAM substrate. Now we are ready to discuss pattern replication in the PVP/PBrS 2 blend cast on the heterogeneous substrate with Au and CH 3 -SAM stripes. AFM images (Fig. 12g-h) show relatively good ordering of surface undulations, resembling the substrate pattern (cf. Fig. 2 ). Narrow and elevated strips alternate with wider regions located lower. The results obtained for a homogeneous substrate (Fig. 12a-f ) suggest that the linear protrusions correspond to the phase rich in PVP. This structural feature is confirmed by the AFM image (Fig. 12i) , which was taken after selective dissolution of the PVP-rich phase domains. The overall morphology concluded from the measurements is presented in Fig. 12j . We postulate that protruded linear PVP domains are located on Au stripes, while the PBrS 2 -rich phase is displaced onto CH 3 -SAM sub- strate regions with no preferential attraction. We note that preferential attraction of one blend component to one substrate region is the main force driving pattern replication in many experiments [7, [14] [15] [16] [17] [18] [19] . In contrast, it is usually assumed in numerical studies that both blend components preferentially segregate to alternating stripes of the heterogeneous substrate [16, 20, 21] .
5b. Correspondence between domain morphology and surface undulations
Patterned phase-domain structures can be reflected in the deformations of a flexible free surface, as it is observed for solvent-quenched blend films (Fig. 12g-j) [15, 19] and often concluded for temperature-quenched ultra-thin film blends with high interfacial tension [16] [17] [18] . The overall coincidence between surface topography and phase domain structure has been concluded based on the results of scanning probe microscopy and related techniques (e.g. lateral force microscopy [16] [17] [18] or AFM combined with selective dissolution [15, 19] ; e.g. Fig. 12h-i) . These techniques cannot however yield the exact composition maps of, say, blend component A at various depths z, but only images (prone to eventual artefacts [12, 39, 59] ) resembling the lateral structure of the A-rich phase. The application of the mapping mode of dynamic SIMS [13] and Fourier analysis of composition-and topography-maps have enabled us to examine this issue again for a solvent-quenched blend. The PVP/dPS 3 blend cast on the heterogeneous substrate with Au and CH 3 -SAM stripes is characterised by PVP lateral distributions determined by mapping SIMS mode at subsequent depths z ≈ 18 nm (Fig. 13a ), 55 nm (Fig. 13b ) and 92 nm (Fig.  13c) as well as by an AFM image of free surface undulations (Fig. 13d) . The com- To examine more quantitatively the topographic and compositional maps we have analysed their two-dimensional fast Fourier transforms (FFT). The spectra of FFT amplitudes, computed for the blends cast on homogeneous (CH 3 -SAM) substrates, resemble isotropic diffusive rings (see e.g. inset to Fig. 12d) . The radial average of the FFT ring exhibits a maximum at wave vector k = 1/(2R). Hence the length scale 2R of the phase domain morphology (e.g., Fig. 12d-f) can be determined. The value 2R is characteristic of given spin-casting conditions for both homogeneous (CH 3 -SAM) and heterogeneous (striped) substrates. FFT spectra calculated for the blends on patterned substrates exhibit isotropic (diffuse ring) and anisotropic components (series of sharp peaks distributed along one line, see e.g. inset to Fig. 12g ). The latter were used to compute the power spectra P a (k) analysed below.
An exact coincidence between topography and morphology of PVP/dPS 3 blends cast on stripes of Au and CH 3 -SAM is confirmed by the results of the Fourier analysis (Fig.  13e ). The power spectrum P a (k) of the AFM image determined for the free surface topography (Fig. 13d , solid line in Fig. 13e ) is in accordance with P a (k) of the PVP domain (SIMS) chemical map recorded for the region adjacent to the substrate (Fig.  13c , dashed line in Fig. 13e ). This result shows also that Fourier characteristics of surface topography of very thin films replicating a substrate pattern can, in principle, be used as a measure of related phase domain morphology. A similar procedure is often used for blend films cast on homogeneous substrates [17] [18] [19] 39] .
5c. Optimum conditions for pattern replication
The conditions necessary to obtain high quality transfer of the substrate pattern are addressed in recent works [7, 15, [17] [18] [19] . They focus almost exclusively on the role of the length scale 2R of coarsening phase domain morphology (discussed with respect to the periodicity λ P = 2w of the substrate pattern for regions: R ≤ w [15, 17, 18] , R ≥ w [19] and R >> w [7] ). This problem is illustrated below for R ≥ w [19] . In addition, we discuss also the issue of substrate/polymer interactions.
AFM images (Fig. 14a-b ) of the blend PVP/dPS 3 cast on the Au/CH 3 -SAM stripes indicate drastic changes accompanying the modification of the phase domain scale from 2R = 4.1(1) µm (Fig. 14a) to 2R = 5.3(1) µm (Fig. 14b) , which was obtained by varying the total polymer concentration in a common solvent. Apparently too large phase domains (Fig. 14b) developing during the solvent quench are not very susceptible to periodic variations of substrate interactions. Effective pattern replication (Fig. 14a) is achieved for the scale length 2R which is commensurate with the periodicity λ P = 2w = 4 µm.
Carefully adjusted substrate/polymer interactions specify also the optimum conditions of pattern transfer. To demonstrate this we have exchanged: i) one of two polymer blend components (non-polar dPS 3 for slightly polar PBrS 2 , see Figs.14a and c); ii) one of two alternating stripes forming the patterned substrate (Au for polar COOH-SAM, see Figs.14a and d).
The first substitution worsens the quality of the created patterns. Linear protrusions, well separated for PVP/dPS 3 ( Fig. 14a) , are sporadically connected for PVP/PBrS 2 (Fig. 14c) . The polymer exchange hardly affects the compatibility of blend components (solubility parameters of dPS 3 and PBrS 2 are very similar [19] ). Therefore we attribute the change in pattern replication to the reduced difference in surface tension ∆γ between blend components positioned on Au stripes (Au may slightly attract polar PBrS 2 but not dPS 3 ). The exchange of the striped regions of Au for polar COOH-SAM results in a larger surface energy difference with respect to the other stripes composed of non-polar CH 3 -SAM. Surprisingly this step does not improve but rather worsens the situation for the PVP/dPS 3 blend films with 2R ≅ λ P (cf. Figs. 14a and d) . Most probably the interactions (driving the lateral order in the film) between polar PVP and a dipole moment induced in the Au surface are more favourable than those between PVP and the COOH-terminated SAM layer.
Conclusions
Surface-directed phase separation in nanometer polymer films can lead to selfstratification and pattern replication, both involved in present and future technological applications. A novel strategy to modify surface/polymer interactions (with interfacial tension γ kept constant and varied surface tension difference ∆γ between coexisting phases) was introduced and demonstrated for the self-stratification of model temperature-quenched blend films. In contrast to similar methods established earlier, surface active diblock copolymers allow us to tune the interactions at both surfaces confining the blend film. As a result the amplitudes of the composition waves, directed by both surfaces, can be varied. This strategy is effective for short-and for long-range surface forces. Surface active diblocks can suppress the composition
waves for the short-ranged fields, while for the long-ranged forces they can induce earlier completion of the final phase domain morphology.
The pattern transfer from the substrate to: i) the phase domain structure (in the film interior) and ii) the free surface topography was demonstrated for model solventquenched blend films. For the first time the exact correspondence between the former and the latter was concluded based on Fourier analysis of compositional (mapping mode of dynamic SIMS) and topographic (AFM) maps. The effective pattern transfer can be achieved for i) a length scale of phase domain morphology commensurate with the pattern periodicity, and for ii) carefully adjusted substrate/ polymer interactions.
